The observation of morphological details down to the nanometer range of the outer surface of micro-, submicro-and nanoparticles in a high-resolution scanning electron microscope (SEM) was extended with in-depth observation by enabling the transmission mode in the SEM, i.e. TSEM. The micro-and nanocapsules characterized in this study were fabricated as depots for protective agents to be embedded in innovative self-healing coatings. By combining the two imaging modes (upper and indepth observation) complementing each other a better characterisation by a more comprehensive interpretation of the "consistency" of the challenging specimens, e.g. including details "hidden" beyond the surface or the real specimen shape at all, has been attained. Furthermore, the preparation of the quasi electron transparent samples onto thin supporting foils enables also elemental imaging by energy dispersive X-ray spectroscopy (EDX) with high spatial resolution. Valuable information on the elemental distribution in individual micro-, submicro-and even nanocapsules completes the "3D" high resolution morphological characterization at the same multimodal SEM/TSEM/EDX system.
Introduction
More and more submicro-and nanomaterials have to be "quickly", but accurately characterized with respect to their surface morphology, shape, size and size distribution, and chemical composition as well. A eld emission scanning electron microscope (FE-SEM) attached to an energy dispersive X-ray spectrometer (EDS) constitutes one established methodical approach which may be taken into consideration for such characterization.
1 While a modern high-resolution SEM enables qualitative and quantitative (lateral) dimensional evaluation of specimen surface morphology at a scale down to the nanometer range, the high-resolution elemental analysis by X-ray spectroscopy is hindered by the large X-ray generation volumes in the specimen typically in the micrometer range.
In many cases the inner "consistency" of particles with complex structure shall be complementary investigated, so that in-depth information by microscopy/imaging and spectroscopy/ chemistry can be provided. One relevant example of specimens with such challenging analytical requirements is innovative micro-and nanocapsules lled with protective agents and incorporated in novel anti-corrosion coatings.
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Preparation of the electron transparent submicro-and nanocapsules on thin supporting foils as typically observed for the transmission electron microscope (TEM), i.e. on TEM grids, as well the "activation" of the transmission mode optionally available at a modern SEM, i.e. transmission in SEM (TSEM), make possible a multi-modal analytical approach consisting of high-resolution characterization of the surface morphology, indepth inspection of the "inner" volume of the particles and elemental imaging of the thin specimens by X-ray spectroscopy with high spatial resolution. Especially for particles of sizes and complex morphology and structures as those in this study the combination of the methods above in only one instrument enables a thorough and relatively quick "3D" characterization of morphology, structure and elemental chemistry of individual particles.
Experimental and materials
Micro-and nanocapsules of various sizes, structures and chemistry have been fabricated by various approaches as part of extensive projects for development of "smart" depots for healing agents to be embedded in self-healing anti-corrosion coatings. [2] [3] [4] The "smart" behaviour of the capsules containing the active substance (e.g. corrosion inhibitors and biocides) consists of the ability to regulate their permeability in response to the corrosion trigger. In practice, in the case when the new generation anti-corrosion coating is mechanically or chemically damaged, the nearby capsules are activated and release their load into the damaged area, so that the corrosion attack is terminated at an early stage, quickly and locally. In consequence, the durability of the innovative coatings is signicantly prolonged, the environmental sustainability is improved, and the overall performance of the protective coating is also enhanced.
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A large variety of capsules with sizes ranging from several tens of mm down to below 100 nm have been fabricated and systematically investigated in the present study. Representative examples were selected and are described in the Results section. In this study we present two types of capsules: polymer based polyepoxide (PE) capsules and SiO 2 based inorganic capsules lled with a corrosion inhibitor. These core/shell particles were synthesized from oil in water emulsions as products of polymerisation (PE) or polycondensation (SiO 2 ) reactions wherein the corrosion inhibitor is the oil phase. The PE capsules having 2-methylbenzothiazole as an inhibitor in their core were synthesized as described in ref. 5 . The SiO 2 based capsules having an organic inhibitor in their core part are synthesized according to the method proposed in ref. 6 .
As far as the methods are concerned, as already pointed out in the Introduction, the conventional high resolution SEM has been employed mainly for resolving morphological details on the top surface of the micro-and nanocapsules. An FE-SEM of type Supra 40 from Zeiss (Oberkochen, Germany) equipped with an In-Lens detector was used, see Fig. 1a . This type of electron detector is indispensable for high-resolution imaging of the top surface of a specimen in an SEM, due to its ability to collect selectively only the high-resolution, so-called SE1 electrons emitted locally, only at the point of impact of the primary electron beam onto the specimen surface. Further instrumental details can be found in ref. 7-9. In order to gain also valuable in-depth information on the specimen structure beyond the specimen surface, and complementing hence the surface sensitive In-Lens imaging mode, the transmission mode in SEM must be enabled. In spite of the fact that this special operation mode has demonstrated its proof-of-principle in the seventies, 10 relevant applications have been reported just recently. 1, [11] [12] [13] [14] [15] In particular, the capability of metrological TSEM measurements of lateral dimensions in the nanometer range, e.g. for purposes of accurate determination of nanoparticles' size and size distribution, has been already successfully exploited. Basically, the so-called STEM detector to be placed immediately under the thin specimen can be used for acquiring images in transmission mode in a SEM, see Fig. 1b . 16 In the present study a rather seldom, but commercially available transmission setup has been used, see Fig. 1c and d. 17, 18 This single-unit transmission setup acts as a specimen holder that enables to guide the transmitted electrons onto an electron multiplier (gold plate) and further to the conventional Everhart-Thornley detector. Further details on the operation and results of this type of producing transmission images at a SEM and comparison to the STEM detector are described elsewhere. [13] [14] [15] Briey summarizing, the quality of the images obtained by the two modes is practically equally good. It should be also noted that even if working with high-end, high-resolution SEMs in the transmission mode, the spatial resolution which is typical for TEMs cannot be practically attained. The much higher accelerating voltages as well as the aberration correctors available in a TEM make the spatial resolution attainable in a TEM signicantly superior to that of any T-SEM system.
Furthermore, by preparing the quasi electron transparent specimens onto thin TEM supporting foils the excitation volume responsible for the generation of X-rays is signicantly reduced, so that the acquired EDX spectra with a conventional EDX detector at a SEM operating in the transmission mode address a high spatial resolution. Of course, especially for nanoobjects, the EDX signals will be very weak. However, the employment of the newly developed large-area SDD (silicon dri detector) EDS can improve signicantly the signal-to-noise ratio and ensures valuable elemental information over the X-ray spectra also for nanoobjects. In this study two EDX spectrometers were employed, an SDD one of type XFlash® 5010 from Bruker (Berlin, Germany) and a Si(Li) one from Thermo Fisher Scientic (Waltham, MA, USA) both with a detector active area of 10 mm 2 .
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The micro-and nanocapsules have been prepared from the suspension or powder form aer corresponding dilution (in distilled water or in isopropanol) with, in some cases, 2 min treatment in an ultrasonic bath, pipetting 1 ml onto various TEM grids (the lacey carbon lms giving the best results) and nally drying. To what extent the specic sample preparation procedure affects the morphology and structure of the specimens investigated could not be established in the present study and remains a challenging task for further investigation. Changes at least in the silica particle size during the analysis in the electron microscope (under electron bombardment and vacuum) cannot be excluded.
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The remarkable powerful analytical characterization of the challenging specimens of complex morphology and structure chosen in this study can be demonstrated in a convincing way by employing the multi-method approach conceived above, namely the high-resolution imaging of the top surface morphology combined with in-depth transmission imaging and X-ray imaging for elemental distribution with high spatial resolution -all in one instrument. To our knowledge there are no other reports published until now about exploiting such a methodical approach. Furthermore, due to the on-going signicant increase of instrumental performance of SEM/EDX systems, such as imaging resolution of SEMs or EDS detectors with a very large collecting solid angle, the authors expect a broad application of high-resolution SEM/TSEM/EDX especially for quick (in comparison to TEM) and accurate characterization of submicro-and nanoparticles.
Results and interpretation
Having described above the materials to be characterized as well as the methods and the instrumentation to be applied, representative examples of characterizing analysis were selected and are discussed in the following. Fig. 2 shows in "double pack" the two complementary imaging modes, upper observation with the In-Lens detector and the corresponding TSEM image of the same lateral scanned Fig. 2 Example of complementary "upper" observation of a single SiO 2 submicrocapsule (about 200 nm size) onto a string of the supporting lacey carbon foil using the In-Lens detector (a) and in the transmission mode (b). Note the "shell-like" structure of the particle that can be visualized only in the transmission mode. outer size. The particle is stuck to a string of the lacey carbon supporting foil onto the TEM grid and has practically no substrate beyond it, i.e. offering hence excellent analysis conditions due to the absence of mostly disturbing interactions with the substrate. While the In-Lens imaging mode supplies the expected high-resolution morphology of the outer surface of the particle, the transmission imaging mode reveals the shell-like structure of the capsule. Neither a conventional SEM alone nor a TEM alone is able to characterize both the nanomorphology of the outer specimen surface and the inner structure of the submicrometer particle. However, a clear statement on the composition of the capsule, whether the core is lled by the inhibitor (as expected by manufacturer) or the capsule is empty, cannot be given. Due to the closeness of the particle to the carbon support strand at which the particle sticks at, an EDX analysis cannot identify reliably the possible presence of carbon in the core of the particle.
A somewhat similar tricky arrangement of several submicroparticles sizing from the micrometer down to the nanometer range is shown -again in a double pack as upper and in-depth observations -in Fig. 3 . The imaging mode with the In-Lens is able to detect sensitively morphological details on the surface of the bigger particles and also detect small nanoparticles adhered onto the surface of the bigger particles. In turn, the TSEM image reveals such in-depth complementary information that demonstrates the same calotte shape of the two big particles in Fig. 3 spatially oriented in opposite directions. If in the TSEM mode the two particles look very similar, in the In-Lens surface sensitive mode one can observe the inner surface of one particle as well as the outer surface of the other (big) particle. Here again the use of either only a SEM or only TEM could have led to the misinterpretation of the real particle shape.
The example in Fig. 4 reveals the real shape of another particle package if both imaging modes are taken into account. Only the conventional SEM imaging (Fig. 4a) suggests massive, nearly spherical particles with ne details on their surface. However, the real shape of the particles becomes evident when the complementary image in transmission mode is evaluated: the bottom particle is not massive, but rather shell-like, i.e. halfcapsules -as reported also elsewhere 21 and "hides" also another particle beyond its surface.
The result of imaging two neighbour silica particles of completely different structures (consistency) using the dual mode In-Lens/TSEM is presented in Fig. 5a and b, respectively. If the two particles look quite similar in the "upper" (In-Lens) observation mode (Fig. 5a) , the difference between them becomes evident in the transmission imaging mode (Fig. 5b) . The TSEM image suggests that the smaller particle is either constituted by a material heavier than the big particle or a thick (electron non-transparent) shell or lled with a substanceopposite to the big particle which seems to be "empty", constituted only by a thin shell. Activating EDX onto the dened areas equally large on the two particles, it is quickly conrmed that the smaller particle is lled with a carbon rich substance and the big particle is mainly constituted by a SiO 2 thin shell.
A last example continuing the characterisation treatment applied to the same type of particle as those illustrated in Fig. 5 but at smaller magnications, and thus considering a large number of particles, is shown in Fig. 6 . Similar features can be recognized in Fig. 6a and b. EDX qualitative elemental maps of selected elements of interest are shown in Fig. 6c (carbon) and 6d (sulphur). If the distribution of carbon is quite clear and can be explained by the presence of carbon in smaller particles as evidence for the successful lling of the capsules with the corrosion inhibitor, the presence of sulphur was not expected as no sulphur contained components were used in the manufacturing process. Therefore, an EDX spectrum has been extracted from a sulphur-"rich" area marked in Fig. 6d . The EDX spectrum shows a weak signal of the S K line, which is, however, at the limit of detection, so that the presence of sulphur cannot be undoubtedly conrmed. This example was specially selected with the purpose to show deliberately also the limits of the methodical approach applied in the present study. Due to the very small amount of substance excited by the electrons which in turn produce X-ray spectra of poor signal-to-noise ratios, the limits of detection of the EDX are rather poor. Nevertheless, the Fig. 3 Example of complementary "upper" observation of polyepoxide-shell and oil-core particles submicrocapsules using the In-Lens detector (a) and in the transmission mode (b). Note the details on the outer particle surface as well as the presence of many nanoparticles in the left micrograph and the quite different occurrence of the big, bottom particle in the two imaging modes.
value of the elemental (distribution) information in such small particles is impressive. There is only reason to come towards the very recent markedly technological developments in the eld of large area SDD EDS detectors. Especially the signicantly larger collection solid angle as well as the quick processing electronics result in considerably higher signal-to-noise ratios in the EDX Fig. 4 Example of complementary "upper" observation of polyepoxide-shell and oil-core particles using the In-Lens detector (a) and in the transmission mode (b). Arrows mark details visible on the outer particle surface morphology as well as the presence of adjacent nanoparticles in the left micrograph. Note the different occurrence of the big, bottom particle in the transmission mode revealing the real, shell-like structure of the particle, and hiding a smaller particle (indicated by arrow) underneath. . The presence of carbon as a main element "filling" the left particle is confirmed by EDX spectra (c). The right particle is constituted mainly by a SiO 2 shell. Cu and Zn signals come from the TEM grid. The EDX spectra are normalized to the Si peak so that the carbon peaks can be compared directly.
X-ray spectra, so that the high spatial resolution EDX can excellently complete the high-resolution SEM imaging both laterally and in transmission mode in a single instrument as a very powerful analytical tool for quick and accurate characterization of smaller and smaller particles.
One basic question that could not be fully answered in the present study is to what extent the morphology, shape, structure and chemical composition of the investigated capsules are inuenced by the sample preparation, high-vacuum or the electron bombardment. The fact that the most larger capsules in Fig. 6 are both somewhat squashed and missing the expected oil lling can be attributed to a faulty synthesis, but one of the artefacts above cannot be excluded. To our knowledge the literature helping one to elucidate this challenging issue is rather scarce.
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Conclusions
A multimodal methodical approach has been successfully applied for the advanced characterization of micro-, submicroand nanocapsules lled with protective agents and incorporated them into new self-healing coatings. It is demonstrated by examples on how the complexity of both the morphology and composition of the challenging specimens emphasizes the analytical strengths of each particular method. By a combination of them, a thorough characterizing picture by means of only one measurement system nally results: high-resolution SEM imaging of the top surface of the specimens, in-depth observation of individual particles by the transmission mode in SEM (TSEM), and elemental imaging by EDX with high spatial resolution. The prerequisite for this detailed characterization is the preparation of the quasi electron transparent particles on thin foils as typically observed for TEM and the possibility to take images in transmission mode with a special transmission setup. Hence, the real shape of the capsules could be interpreted better and hidden details beyond the outer surface of the specimens could be visualised. Nevertheless, care must be taken with respect to possible inuences of the sample preparation, vacuum and electron bombardment on the real shape, structure and even chemical composition of the particles under investigation relative to their state immediately aer the particle synthesis.
